Abstract: The properties of rice fl our and the qualities of rice bread made with vital wheat gluten were evaluated and varietal differences were compared by twenty-six rice cultivars of various amylose content and amylopectin structure to determine the infl uence of rice starch on rice bread. Rice bread made from high-amylose cultivars had a less concave shape, and there was a signifi cant positive correlation between amylose content and specifi c loaf volume (p < 0.01). Amylose content was also positively correlated with bread hardness. Among the high-amylose cultivars, cultivars with a higher proportion of amylopectin long chains yielded breads of harder texture than the breads made from those with lower proportions of amylopectin long chains, regardless of the small difference in amylose contents. Rice breads made from cultivars that had high pasting temperatures (PT) had harder texture than those made from cultivars that had low PT. Using three near-isogenic lines (NILs) for the Wx and Alk locus on the cv. Nipponbare genetic background, we found that water absorption by the rice fl our of NILs was lower than that of Nipponbare and that bread hardness values for all NILs were higher than the value for Nipponbare. These results indicate that amylose content and amylopectin structure affect dough and bread qualities, including water absorption, bread volume, shape and hardness, and that rice cultivars with intermediate amylose content and lower PT are suitable for making rice bread.
Rice is a staple food for the Japanese and a principal crop for Japanese agriculture. However, rice consumption in Japan has been gradually decreasing, and excess rice production has become a serious issue. Although rice consumption per capita in Japan was about 118 kg/year in 1963, by 2009, consumption was about 59 kg/year. 1) Using rice fl our for bread making is one approach to increase rice consumption and cope with the excess production of rice. However, consumption of rice fl our for rice bread, noodles and confectionery is signifi cantly lower than that of wheat fl our 2) partly because rice bread tends to stale more quickly than wheat bread.
3) Starch plays a major role in the staling of wheat bread. 4) Milled rice consists of about 90% starch on a dry weight basis. Starch consists of amylose and amylopectin. Amylose is essentially a linear molecule containing α-(1-4)-linked glucose units with few branches, whereas amylopectin is a branched molecule with linear chains of α-(1-4)-linked glucose units with α-(1-6)-linked branches.
5) Amylose synthesis is controlled by granule-bound starch synthase I (GBSSI), which is encoded by the Waxy (Wx) gene.
6) The functional alleles Wx a and Wx b are predominantly distributed in the indica and japonica strains, respectively. 6 8) Amylopectin synthesis is controlled by soluble starch synthases, starch branching enzymes, and starch debranching enzymes. 9) Rice amylopectin structure is largely classifi ed as either L-type or S-type, 10) ; the difference is derived from the polymorphisms of starch synthase IIa (SSIIa), located at the Alk locus.
11)
There are varietal differences in the super long chains (SLC) like amylose in the amylopectin of high-amylose rice starch, 5) and SLC synthesis is controlled by the Wx locus.
12) Amylose content and distribution of amylopectin side chains affect hardening of cooked rice during storage.
13)
Our previous study showed that breads were hard when made with cultivars with a high amylose content or a high pasting temperature (PT).
14) Here, we used twenty-six cultivars with more-diverse starch characteristics than those used in our previous study, including cultivars that had high amylose, high PT, high amylose and high PT and high SLC. Additionally, we confi rmed the effects of starch by using near-isogenic lines (NILs) that differed at the Wx and Alk alleles.
MATERIALS AND METHODS

Materials.
Twenty-six rice cultivars were used in this study (Table 1) . Rice fl our was prepared by two pulverizing methods. For sixteen samples, polished grains of rice were ground by using a jet mill (SPM-R290, Nishimura Machine Works, Osaka, Japan) after being soaked for 1 h in a solution containing 0.3% trisodium citrate dihydrate and 0.05% pectinase (Pectinase G, Amano Enzyme, Nagoya, Japan) at 40 C. The ten remaining fl our samples were provided by Namisato Co. (Tochigi, Japan) and were prepared by use of a jet mill under wet conditions.
Nipponbare and three NILs of Nipponbare (NIL(Wx a ), NIL(Alk) and NIL(Wx a ,Alk)), containing a Kasalath chromosomal segment that included Wx (GBSSI), Alk (SSIIa), or both Wx and Alk loci, respectively, 13) were used to further examine the relationship between amylose and amylopectin properties and the quality of rice bread. Flour properties. Damaged starch content was measured according to the American Association of Cereal Chemists (AACC) method 76-31 15) with a starch damage assay kit (Megazyme International Ireland, Wicklow, Ireland). The fl our particle size distribution and median particle size were measured with a laser diffraction particle size analyzer (LS 13 320, Beckman Coulter, Brea, USA). Apparent amylose contents were determined by use of the iodine absorption method 16) with an Auto Analyzer (BRAN+LUEBBE, Norderstedt, Germany). The nitrogen content of fl our was determined by using a Sumigraph NC-22F (Sumika Company Ltd., Osaka, Japan) and acetanilide as a standard; protein values were calculated by multiplying the nitrogen content by 5.95. Pasting properties were determined with a Rapid Visco Analyzer (RVA; Model 3D, Newport Scientifi c, Warriewood, Australia) with 3.5-g suspensions of rice fl our (14% moisture basis) in 25 mL of distilled water. The temperature profi le used was as follows: holding at 50 C for 60 s, heating to 93 C for 4 min, holding at 93 C for 7 min, cooling to 50 C for 4 min, and holding at 50 C for 3 min. The paddle speed was held at 960 rpm for the fi rst 10 s, to homogenize the sample, and then adjusted to 160 rpm. Genotyping. DNA was extracted from rice fl our according to Nakamura et al. 17) To detect the haplotypes of the Wx and Alk alleles, we used a dCAPS marker, which distinguishes between the Wx a and Wx b alleles, 18) and single-nucleotide polymorphism marker, which distinguish between the Alk and alk alleles.
19)
Bread making. Rice bread was made by using 600 g rice fl our (14% moisture basis), 150 g vital wheat gluten (14% moisture basis; Riken Vitamin, Tokyo, Japan), 52.5 g sugar, Mean standard deviation (n = 3).
22.5 g skimmed milk, 11.3 g salt, 60 g shortening, 11.3 g dry yeast and water according to the no-time method. 4, 14) The amount of added water was adjusted in accordance with the dough condition. The dough was mixed by using a Kanto mixer (HPi-20M, Kanto Mixer, Tokyo, Japan), and then 400-g portions of dough were put in loaf pans and allowed to rise for about 1 h at 38 C and 80% humidity until it reached the top of the pan. The dough was then baked at 185 C for 28 min. Bread was removed from the pans and cooled at room temperature. Bread making properties. Mixing characteristics of fl our were evaluated by using a Farinograph (Brabender Inc., Germany) according to AACC method 54-21 15) ; a mixture of rice fl our (40 g) and vital wheat gluten (10 g) was used (14% moisture basis).
The loaf volume of the bread was measured by using a rapeseed replacement method. Specifi c loaf volume was calculated as volume per weight (mL/g). Bread hardness was evaluated with a compression test using a texture analyzer (TA.XTplus, Stable Micro System, UK). A 1.4-cm-thick slice of bread was compressed to 25% of its thickness at a speed of 1.0 mm/s by using a plunger (3.6 cm diameter) with a fl at surface.
RESULTS
Chemical composition and properties.
The damaged starch contents ranged from 1.6 to 5.1%, and the median particle sizes ranged from 16.4 μm to 47.6 μm among the twenty-six cultivars and NILs (Table 1) . Pulverizing of pectinase-treated rice resulted in a significantly smaller median particle size and less damaged starch compared with wet pulverizing (p < 0.01, data not shown). Amylose contents ranged from 9.0 to 29.5%. Rice cultivars with Wx a alleles had higher amylose content (25.8 to 29.5%) than cultivars with Wx b alleles (9.0 to 23.3%). There was not clear differences in apparent amylose content between high SLC cultivars (Yumetoiro, Taichung Native 1) and middle SLC cultivars (Hoshiyutaka, Hoshinishiki). Protein contents ranged from 4.2 to 8.2%.
The pasting characteristics for the rice fl our of the twentysix cultivars and NILs, as measured by use of the RVA, are shown in Table 2 clearly higher PT compared with the other cultivars tested (Table 1) .
Bread making quality.
Rice breads made from high-amylose cultivars had less concave shape than breads made from intermediate-or low-amylose cultivars (Fig. 1) . The bread made from Milky Queen, which had the lowest amylose content among the cultivars used, had signifi cantly subsided on one side, although the shape of the bread was similar to that made with intermediate-amylose cultivars just after baking (data not shown). Specifi c loaf volumes ranged from 3.2 mL/g (Ouu405) to 4.7 mL/g (Koshinokaori) ( Table 3 ). There was a signifi cant positive correlation between amylose content and specifi c loaf volume calculated by the data of all cultivars or cultivars that had Wx b alleles (Tables 4A, 4D ); however, there was no signifi cant correlation between damaged starch content, median particle size, or protein content and specifi c loaf volume (Table 4 ).
The hardness values of the breads were different among cultivars (Table 3) . Rice breads made from Milky Queen and Ouu 405, which had low amylose contents, were soft compared with other breads. Rice breads made from Koshinokaori, which had a high amylose content (25.8%) and a high PT (75.2 C), were the hardest of all of the breads on each of the days after baking that were tested. The hardening rate of rice bread made from Shu 8515, which had an intermediate amylose content (17.1%) and a high PT (75.7 C), was the highest, and the bread hardness on day three after baking was the second highest among all breads tested. There were signifi cant positive correlations (p < 0.01) between amylose content and hardness values and hardening rate for all cultivars (Table 4A ). When the data for Koshinokaori and Shu 8515, which had Alk alleles, were excluded, the correlation coeffi cient between amylose contents and bread hardness values was higher for twenty-four cultivars (Table  4B ). Among the rice breads made from cultivars which had Wx a alleles, breads made from Taichung Native 1 and Mean SD (n = 3). A, correlations for all twenty-six cultivars; B, correlations for twenty-four cultivars except Koshinokaori and Shu 8515, which had Alk alleles; C, correlations for six cultivars that had Wx a alleles except for Koshinokaori; D, correlations for eighteen cultivars that had Wx b alleles except for Shu 8515. * and **: signifi cant at 5 and 1% levels, respectively.
Yumetoiro were harder than those made from Hoshinishiki, Hoshiyutaka, Shu 8414 and Momiroman (Table 3) , despite slight differences in amylose contents (Table 1) . Among the cultivars that have Wx a alleles, there was no signifi cant correlation between amylose contents and bread hardness values (Table 4C) ; however, there was a signifi cant positive correlation between fi nal bread hardness values and maximum viscosities, minimum viscosities, fi nal viscosities, and setback viscosities (p < 0.01).
Qualities of rice bread made from NILs.
We then tested Nipponbare and three NILs, namely, NIL(Wx a ), NIL(Alk), and NIL(Wx a , Alk), containing a Kasalath chromosomal segment that included Wx (GBSSI), Alk (SSIIa), or both Wx and Alk loci, respectively, on the Nipponbare genetic background.
13) Damaged starch contents, median particle sizes, and protein contents did not noticeably differ among the four fl our samples ( Table 1) Table 2) . Water absorption by rice fl our from Nipponbare was highest, whereas that of NIL(Wx a , Alk) was lowest ( Table 5 ). The development time and stability of dough were similar between Nipponbare and the NILs; however, the degree of softening of Nipponbare was higher than that of the NILs.
Rice breads made from NIL(Wx a ) and NIL(Wx a ,Alk) had less concave shapes than breads made from Nipponbare and NIL(Alk) (Fig. 2) . The specifi c loaf volume of the bread made from NIL(Wx a ,Alk) was highest and the volumes of the breads NIL (Wx a ) was lowest (Fig. 3A) . The hardness of the bread made from NIL(Wx a ,Alk) was highest on each day after baking (Fig. 3B) . The hardening rates of all of the breads made from the NILs were higher than the rate of the bread made from Nipponbare. Furthermore, the hardness rates of the breads made from NIL(Alk) were higher than the rate of the bread made from NIL(Wx a ), although the hardness indexes of the breads made from NIL(Alk) and NIL(Wx a ) one day after baking were similar.
DISCUSSION
Smaller particle size and lower damaged starch content are critical in obtaining better fl our for rice bread making.
22)
Here, we used fl our samples that were made by using two different pulverizing methods. Although the damaged starch content and median particle size differed among these samples, the damaged starch content was less than 6% and the median particle size was less than 50 μm (Table 1) . Therefore, these samples were suitable for assessing the relationship between starch properties and bread quality.
We found a signifi cant correlation between amylose content and specifi c loaf volume and bread hardness (Tables  4A, 4B , 4D), fi ndings that are consistent with other reports.
14, 23) Rice breads made from low-amylose rice cultivars, such as Milky Queen and Ouu 405, had a low texture (Table 3) , but the sides of the loaves caved in (Fig. (Fig. 3, Table 3 ), indicating that high amylose cultivars also are not suitable for rice bread because the bread is too hard. Therefore, intermediate-amylose cultivars, which have Wx b alleles, are suitable for making rice bread. We also found varietal differences in the short region of amylopectin chains among rice cultivars. Almost all of the rice amylopectin was distinctly classifi ed as either L-type or S-type.
10) S-type amylopectin has more short chains (Degree of polymerization< 10) than does L-type amylopectin. The Alk allele, which is encoded by SSIIa, is associated with the amylopectin structure and gelatinization (L-type: Alk, S-type: alk). 24) In this study, Koshinokaori, Shu 8515, NIL(Alk), and NIL(Wx a ,Alk) had Alk alleles, and these cultivars showed high PTs (Table 2) . Water absorption by rice fl our from NIL(Wx a ), NIL(Alk) and NIL(Wx a ,Alk) was lower than that by fl our from Nipponbare, and the degree of softening of the dough made from NILs was lower than that of dough made from Nipponbare (Table 5 ). This result indicates that the amylose content and amylopectin structure is associated with water absorption and dough properties. The variation in SSIIa affects the eating quality of cooked rice.
13) After storage, NIL(Alk) has harder texture than Nipponbare although the rices are comparable just after cooking because of retrogradation of starch. In this study, we obtained similar result that breads made from cultivars that had Alk alleles hardened faster than breads made from cultivars that had alk alleles (Table 3 , Fig. 3B ). These results indicate that amylopectin structure affects hardness of rice bread and the cultivars that have alk alleles are suitable for rice bread. Most of the cultivars bred in Japan have middle amylose content and alk alleles. However, the rice breads made from these cultivars are harder than wheat bread. When we make rice bread using cultivar that has lower gelatinization temperature than common cultivars, for example starchbranching enzyme I-defi cient mutant, 25) the rice bread may be softer and preferable. Further investigation will reveal the relationship between low gelatinization temperature and bread texture.
There are SLCs in the amylopectin of the starch in high-amylose rice, whereas in intermediate-or low-amylose rice, there are few SLCs.
5) The SLC content of Yumetoiro and Taichung Native 1 (> 10%) is higher than that of Hoshinishiki and Hoshiyutaka (5 7%) 20, 21) and SLC is a key determinant of cooked rice texture.
26) Moreover, a signifi cant positive correlation between SLC content and the setback viscosity of RVA has been reported. 12, 20) In our study, there were significant positive correlations between setback viscosities and bread hardness values among high-amylose cultivars, but there was no signifi cant correlation between amylose contents and bread hardness values (Table 4C ). These results indicate that setback viscosity, which is refl ecting the degree of retrogradation of starch, affects bread hardness after storage, and the effect of hardness is probably due to SLC content rather than amylose content. When high-amylose rice fl our is used for bread making, the use of intermediate-SLC cultivars is preferable.
We found no signifi cant correlation between damaged starch content or median particle size and specifi c loaf volume (Table 4 ). This result is not consistent with the results of work by Araki et al. 22) mainly because the ranges of damaged starch content and particle size were not large (Table 1) . The damaged starch content and particle size reported by Araki et al. 22) ranged from 1.0 to 22.1% and from 5.6 to 115.9 μm, respectively. In our study, damaged starch content and particle size ranged from 1.6 to 5.1% and from 16.4 to 47.6 μm, respectively (Table 1) . Hokuriku Kona 232 and Hoshinoko are fl oury rice varieties that are easily ground into fl our that yields rice bread with a high specifi c loaf volume.
27) However, the bread made from Hokuriku Kona 232 and Hoshinoko did not show a high specifi c loaf volume (Table 3 ). This fi nding probably refl ects the fact that the damaged starch contents of the cultivars were not lower than those of other cultivars (Table 1 ). These results show that the properties of amylose and amylopectin are more important determinants of rice bread quality than are other physicochemical properties of rice fl our, when the values of and differences in damaged starch content and median particle size are small. We found no signifi cant correlation between protein content and specifi c loaf volume or bread hardness value (Table 4 , p > 0.05). This result indicates that rice storage proteins are less important than starch for bread making.
One major disadvantage of using rice fl our is the high price of rice.
28) The use of high-yielding cultivars is expected to lower the production cost of rice. Bekogonomi, Hokuriku Shi 209, Hoshiaoba, Kitaaoba, Mizuhochikara, Momiroman, Saikai 198, Takanari, and Yamadawara are high-yielding cultivars, many of which are used as forage because of poor taste quality. The results of this study suggest that high-yielding rice cultivars that have intermediate amylose and a low pasting temperature are preferable for making rice bread with respect to both bread quality and low cost.
